This experiment studied the effect of different medium moisture on plant growth, water relations, and accumulation of osmotic adjustment substances of cabbage plug seedlings during low-temperature storage in darkness and on the photosynthetic and transpiration rates after removal from storage and transplanting. The plants were not watered from 0 (control), 1 (D), and 2 (DD) d before the start of storage. The results indicated that plant growth, and leaf relative water content and leaf saturated osmotic potential under water stress treatment significantly decreased compared with the control at the end of storage. However, the water stress resulted in increase in the proline contents in leaves, and abscisic acid, soluble sugar and total ion contents in plants. Starch contents in plants decreased significantly over storage time. After removal from storage and transplanting, plug cabbage seedlings under D treatment showed a faster and steadier recovery to photosynthesis and transpiration than the control.
INTRODUCTION
Plug seedlings are widely used in modern crop production systems since they offer the advantages of intact roots and better growth uniformity compared with other types of seedlings [1] . However, the transplanting of plug seedlings can often be delayed due to time, equipment, labor constraints, adverse weather, and long-distance transportation. These factors can result in the overgrowth of the seedlings in trays and the loss of seedling quality [2] . Low-temperature storage in darkness is usually used to maintain quality of plug seedlings [3] [4] [5] . Meanwhile, water content in the media is an important factor on the seedling quality during storage [6] [7] [8] . However, the effects of different medium water content on the growth status, on the physiological characteristics involved relative water content, saturated osmotic potential, and osmotic adjustment substances in stored seedlings, and on the recovery of photosynthesis and transpiration in seedlings after removal from storage and transplantation are not known.
Cabbage (Brassica oleracea L. var. capitata) is an economically important vegetable crop that is cultivated and consumed worldwide. The objectives of the present study were to determine the effect of medium moisture on plant growth, water relations and osmotic adjustment substances of cabbage plug seedlings during low-temperature storage in darkness and on their recovery capacity after removal from storage and transplanting, and to optimize storage conditions to maintain seedling quality in an industrial-scale production system.
MATERIALS AND METHODS
Uniform 28-d plug seedlings of cabbage were divided into three groups (6 trays per group, 200 cells per tray). The plants were not watered from 0 (Control), 1 (D), and 2 (DD) d before the start of storage, respectively. There was one tray per plastic box. The lid of the box was sealed to avoid too much moisture loss during storage. The boxes were arranged in the refrigerator with a temperature set point of 10ºC. Six plants per treatment were randomly sampled after 0, 2, 4, 6, 8 d in storage for determination of fresh weights (FW) and dry weights (DW) of the roots and shoots of the seedlings, shoot heights, root lengths, and the specific leaf area (SLA). Leaf relative water content (RWC), leaf saturated osmotic potential (ψs100), abscisic acid (ABA), proline, starch, soluble sugar, and inorganic ion contents were measured according to Wang [10] . At the end of the storage period, seedlings were rewatered and transplanted to a field at the Experimental Station of the School of Agriculture and Biology, Shanghai Jiao Tong University. The rates of photosynthesis and transpiration in the largest leaves were measured simultaneously using a portable photosynthesis measurement system (CIRAS-2; PP Systems International, Hitchin, UK) at 10 a.m. on 0, 2, 4, and 6 d after transplanting.
Statistical analyses were performed using SAS Version 9.4 software (SAS Institute, Cary, NC, USA).
RESULTS AND DISCUSSION

Plant growth
During the whole storage period, the total DW of the control plant decreased by 2.48%, while the total DW of the plants in D and DD treatments increased by 0.45% and 1.27% ( Fig. 1a and b) . Fig. 1 (c) shows that the control plant height significantly increased over storage time. At the end of storage, the plant height in the control treatment increased by 52.5%. The plant height in D and DD treatments significantly increased with storage time to 4 d, but not did further change over the next 4 d. At the end of storage, the D and DD plant heights increased by 26.7% and 19.0%. Similar trends were found for root lengths (Fig.  1d) . The D and DD plant root lengths decreased by 6.2% and 7.1% compared with the control, respectively. Medium water content significantly affected cabbage seedling top root ratio and SLA during storage ( Fig. 1e and f) . During the At the end of storage, the D and DD plant top root ratios decreased by 23.0% and 27.5% compared with the control. The D and DD plant SLA decreased by 7.7% and 19.2% compared with the control, respectively.
These results were similar with previous studies [9] [10] [11] . Water stress could inhibit overgrowth of cabbage seedlings during low-temperature storage in darkness. Meanwhile, moderate water stress before seedling storage can inhibit the growth, and maintain the seedling quality.
Leaf Water Relations
During the whole storage period, leaf RWC significantly decreased with decrease in medium water content (Fig. 2a) . The RWC of the control and DD plants decreased significantly, whereas D plants did not change significantly over storage time. At the end of storage, there was no significant difference in the RWC of D plants compared with the control, whereas DD treatment resulted in decrease in leaf RWC.
Saturated osmotic potential could reflect the ability of osmotic adjustment [12, 13] . Leaf saturated osmotic potential of the control plant increased and then decreased over storage time to 4 d, but did not further change over the next 4 d (Fig. 2b) . Leaf saturated osmotic potential in the D and DD treatments significantly decreased over storage time to 2 d, but did not further change over the next 6 d. Before the start of storage (0 d), cabbage plug seedling leaf saturated osmotic potential in DD treatment was less than the control and D treatments, whereas no significant difference was observed between the saturated osmotic potential of the control and D plants. After 2 d in storage, Plant leaf saturated osmotic potential in D and DD treatments significantly decreased compared with the control, whereas there was no significant difference between D and DD treatments. Medium water content unaffected leaf saturated osmotic potential over the next 6 d. 
Osmotic Adjustment Substances
There was a great difference in ABA content between different parts of the plant, and the content of the same parts was obviously different in different periods (Fig. 3a) . The ABA content in DD treatment was mainly concentrated in the upper part of the plant. The accumulation amount of ABA in the control plants was relatively low. During the first 4 d in storage, the content of ABA was mainly concentrated in the upper part of the plant. The ABA content in root was relatively high in the middle and later stage. In general, ABA contents in plants increased with storage time to 2 d, and then decreased over the next 6 d.
Soluble sugar content in plant shoots and roots significantly increased with decrease in medium water content, respectively (Fig. 3b) . Starch content in roots and leaves of cabbage plug seedlings was unaffected by medium water content, whereas significantly decreased over storage time (Fig. 3c) . In general, starch content in shoots was less than roots. Medium water stress resulted in increase in total content of inorganic ions in plant shoots compared with the control (Fig. 3d) . On the contrary, total content of inorganic ions in plant roots decreased in D and DD treatments compared with the control. In general, total content of inorganic ions in shoots was higher than roots. Previous study indicated that starch, soluble sugar and inorganic osmolytes can regulate vacuole osmotic potential and maintain cell turgor and basic form, thus ensuring the life activity of cells normal [14, 15] . During storage period, proline content in leaves of cabbage plug seedlings significantly increased with decrease in medium water content (Fig. 4) . Proline content in leaves of the control plant did not significantly change over storage time. The D treatment resulted in increase in proline content in leaves with storage time to 6 d, and then decreased over the next 2 d. the DD treatment resulted in increased in proline content in leaves with storage time to 4 d, and then decrease over the next 4 d. The results support the view that proline accumulation in plants occurs in response to water stress [16] .
Rates of Photosynthesis and Transpiration in Cabbage Transplants
Immediately after removal from storage, the photosynthetic rate in D plants was significantly lower than in control plants (Fig. 5a) . However, the photosynthetic rate in control plants decreased by 28% after transplanting, and became lower than that in D plants after 2 d. The photosynthetic rate in D seedlings was restored to normal levels after 4 d of adaptation, and was significantly higher than that in control seedlings. The photosynthetic rate in DD plants was lower than in control plants after removal from storage. Similar trends were found for the rate of transpiration (Fig. 5b) .
